Abstract. Under the influence of recently published papers and some older own results, complex formation in uranyl(VI)-selenium(VI) system was reinvestigated at the ionic strengths of 0.1 and 3.0 mol L -1 . Using electrolyzed selenate solutions (and square-wave voltammetry as a measuring technique) two coordination species at the higher electrolyte concentration (log β 1 = 1.48 ± 0.01, log β 2 = 2.4 ± 0.1) were recognized, in agreement with the literature data based on other experimental methods. For successful interpretation of the voltammetric data, previously unknown weak complex (log β 01 =0.7 ± 0.1) of the reduction product, i.e. uranyl(V) should also be included in the model. At the lower electrolyte concentration (0.1 mol L -1 ), formation of complexes other than UO 2 SeO 4 0 cannot be unambiguously confirmed due to the narrow ligand concentration range.
INTRODUCTION
Complexation of uranyl(VI) ions with selenium containing ligands was virtually unknown.
1,2 until Lubal and Havel 3 published experimental results on the formation of UO 2 (SeO 4 ) n (2n-2)-coordination species. From spectrophotometric measurements, at the ionic strength of 3 mol L -1 , two stability constants (log β 1 = 1.57 ± 0.01, log β 2 = 2.42 ± 0.01) arose. At infinite dilution, the situation was more ambigous (log β 1 = 2.64 ± 0.01, log β 2 ≤ 3.4 -based on potentiometric titration). Under the influence of such conclusions and some other unexplained effects, we performed a similar study 4 by means of square-wave voltammetry (SWV) 5 that included not only uranyl(VI)-selenate, but also uranyl(VI)-selenite interactions. Final results were only partly in agreement with the above mentioned values, because log β 1 = 1.57 ± 0.01 was obtained again (at I = 3 mol L -1 ) but formation of the higher coordination species with β 2 > β 1 could not be confirmed although measurements in highly concentrated ligand solutions were included.
The study of uranyl(VI)-selenite (i.e. selenium(IV)) interactions was complicated by electroactivity of the ligand and overlapping of its first voltammetric signal with reduction peak of uranyl(VI). Consequently, our previous study yielded inconclusive results concerning the possible complex formation.
In subsequent articles, the complexation of UO 2
2+
with selenium(VI) or selenium(IV) was described by other experimental techniques such as time-resolved laser-induced fluorescence spectroscopy 6 and capillary electrophoresis 7 . Two uranyl(VI) complexes with selenium(VI) (i.e. selenate) and one or two coordination species with selenium(IV) seem to be confirmed. The reasons that prevent obtaining of similar voltammetric results in the former case stay unclear whereas in the latter they are more or less obvious. In this article, the origin of such discrepancy and its elimination are described. Deeper insight into uranyl-selenium interactions could be important for understanding of some toxic effects 8 and preparation of materials with very specific properties 9 .
EXPERIMENTAL
All solutions of NaClO 4 , Na 2 SeO 4 and HClO 4 were prepared by dissolution of reagent grade chemicals, produced by Merck, Fluka and Kemika (Zagreb) in doubly distilled water. For preparation of dissolved uranyl(VI), a classical procedure from Gmelins handbook 10 was applied. SWV measurements were performed using PAR 303A static mercury drop electrode connected to the Autolab System (Eco Chemie, Utrecht). Platinum wire served as a counter electrode whereas all potentials were defined with respect to the saturated Ag | AgCl(NaCl) reference electrode. High purity nitrogen was used for deaeration of the measuring solution.
All experiments were performed at 23 ± 2 °C.
In the first part of each experiment, uranyl(VI) reduction signal was followed at increasing selenate level, starting from the metal solution in 3 mol L 
Data Treatment
In voltammetry, characterization of kinetically labile metal complexes (ML j ), i.e. determination of their stability constants is usually based on following the shift of reduction signal with increasing ligand concentration at a constant (dissolved) metal concentration and fixed ionic strength 11, 12 . Such a procedure has its origin in the Nernst equation, i.e. change of the concentration ratio between oxidized and reduced forms of the studied redox pair. When an amalgam forming metal appears as a product of the electrode reaction, only free metal ion is of interest. The titration procedure in such a case is described by the following equation:
where ΔE p denotes the peak potential shift, i.e. the difference between peak potentials in the absence and presence of the complex forming agent, n is the number of exchanged electrons in the electrode reaction and β j is the cumulative stability constant:
Other symbols (R, T, F) have their usual meanings, whereas N denotes the number of ligands bound in the highest complex species.
When the electrode process "produces" the ion of lower charge (instead of metal atom), two possibilities exist; either the dissolved product stays "free" or it becomes coordinated with the ligand of interest. In the first case, gradual increase of the total ligand concentration causes the absolute concentration of the free oxidized metal ion to decrease, but its ratio to the free reduced form is not affected. Under such conditions, equation (1) is applicable again. When the metal ion of lower charge is coordinated, the equation:
should be used instead. Here β 0j denotes cumulative constant of the corresponding complex that contains reduced metal ion and the ligand of interest. In both cases, constant height of the reduction signal is assumed. Otherwise, additional correction is needed.
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RESULTS AND DISCUSSION
Taking into account that during preparation of our previous article 4 complexation of uranium(V) (i.e. of uranium(VI) reduction product 13 ) was generally treated as an exception, experimental results from the study of UO 2 2+ -SeO 4 2-interactions were originally described by means of equation (1) . Under such conditions (at the ionic strength of 3 mol L -1 ) only UO 2 SeO 4 0 seems to be formed up to the ligand concentration of 1 mol L -1 . Therefore, the peak potential shift is generally lower than expected for the published values of stability constants 3 . The difference becomes more pronounced as the ligand concentration increases and finally reaches the value of 47 mV in 1 mol L -1 selenate solution ( Figure 1 ). The mentioned conclusion about the maximum coordination number also arises from the highest slope (59 mV per decade unit) of ΔE p vs. log[SeO 4 2-] curve. During the last decade an increasing interest in complex formation of uranyl(V) could be observed. [14] [15] [16] [17] [18] [19] [20] [21] According to the resulting conclusions, both UO 2 2+ and UO 2 + can often be coordinated by the same type of ligand but in the latter case stability constants are lower. Therefore such a possibility should be taken into account when voltammetric data from uranyl(VI)-selenate system are treated. The results of this type, obtained by equation (3) instead of equation (1), are given in Figure 2 . Their best description is achieved when two coordination species of uranyl(VI) and one complex of uranyl(V) are assumed (log β 1 = 1.48 ± 0.01, log β 2 = 2.4 ± 0.1, log β 01 = 0.7 ± 0.1). In other words, a weak species UO 2 SeO 4 -seems to exist. However, it can be "seen" only when previously electrolyzed selenate solution 4 is used. Otherwise, results are obviously affected by the selenite that always appears as an impurity in such systems. Its direct interaction with the metal ions is most probably not very important at such low concentrations, but its electroactivity which results in modified electrode surface 22 and overlapping of its first reduction peak with uranyl(VI) signal could be of interest.
The mentioned result is important for at least two reasons. First, it demonstrates that even weak complexation of the reduction product with the ligand of interest could significantly influence the experimental results (i.e. final conclusions). Second, it points to the previously unknown coordination of uranyl(+5) with selenate.
All stability constants (literature and own) of uranyl ions with selenium containing (inorganic) ligands are given in Table 1 . ) because it is a minor species within the accessible ligand concentration range (up to 0.033 mol L -1 ). In this case, the peak shift as a function of selenate concentration (Figure 4 ) can be described with equation (1) and the model that includes one (log β 1 = 1.97 ± 0.01) or two complex species (log β 1 = 1.93 ± 0.01, log β 2 = 2.60 ± 0.07). The latter seems better as follows from the visual inspection of curve fitting or statistical treatment of experimental values. However, the differences between these two possibilities are not (significantly) higher than the experimental error.
In order to verify this result, we compared our conclusions with those that arise from the study of uranyl(VI) complexation with a similar ligand (i.e. sulfate) by an independent method. 23 The latter results indicate formation of two complexes at the ionic strength of 0.1 mol L -1 . The problem is, however, that at the higher electrolyte concentration three (sulfate) complexes seem to appear, in disagreement with all known results on the uranyl(VI) coordination with selenate ion. In the mentioned study the ionic strength was defined through the constant concentration of sodium ions leading to somewhat different experimental results based on significantly wider ligand concentration range (i.e. higher maximum ligand level).
Therefore, clear insight into uranyl-selenate interactions at the low ionic strength is still lacking.
At both electrolyte concentrations, it is important to perform voltammetric measurements with chemicals of high purity (especially with respect to the presence of selenite) and small step potentials in order to obtain accurate readings of E p values. (The latter can be improved by additional signal processing.) The main problem with nonelectrolyzed selenate solutions is the dispersion of experimental points that prevents recognition of the weak UO 2 SeO 4 -or any other minor species in a curve fitting procedure.
It follows from equation (3) that the difference (R) between the peak potential shift, expected from the stability constants determined by some other measuring technique and its experimental value (Figure 1 ) reflects complexation of reduced form of the dissolved metal, i.e.
When different experimental techniques give similar results (concerning the number of possible coordination species and their stability constants) but voltammetric peak potential shifts are significantly lower than expected on the basis of such results, possible complex formation of the reduction product with the ligand of interest should always be taken into consideration. From such results the constants of interest can be calculated without difficulties, because equation (4) is in fact equation (1) applied to the reduced metal ion (but with R introduced instead of classical ΔE p ). Additionally, R value can be correlated with the value within parentheses in equation (4), i.e. with denominator in equation (3). The resulting graphical presentation, assuming single electron reduction, is given in Figure 5 .
In practice, it could be useful for direct reading of
N when experimentally obtained R value is known. Obviously, the conditions for (successful) voltammetric characterization of kinetically labile complexes (concerning reversibility of the reduction process, absence of ligand or complex adsorption etc.) should be fulfilled in the whole ligand concentration range. R values, significantly higher than the experimental error, that show the trend given in Figure 1 are also needed.
Going back to the initially defined question about the origin of different results that arise from voltammetry and other experimental techniques, application of an inappropriate voltammetric data treatment which cannot give satisfactory constants (even when based on measurements with purified selenate solutions) should be recognized. More precisely, the problem arises because voltammetry "sees" not only the complexes of uranyl(VI) but also of its reduction product, i.e. uranyl(V). When the latter process is taken into account the mentioned differences disappear. ). Under such conditions other possible complexes, in addition to UO 2 SeO 4 0 , cannot be confirmed unambiguously. If they exist, their relative concentrations (and therefore "contributions" to the peak potential shift) are very low.
CONCLUSION
Seemingly different results that arise from voltammetry and other (independent) methods reflect the fact that the former, in addition to the complexation of initially present metal ion, detects the coordination of its reduction product with the ligand of interest. When the latter process is taken into account during treatment of voltammetric data, such differences disappear. 
